Introduction
One of the challenges in teaching capstone design is fully covering the breadth of numerous techniques at a depth that is beneficial to students in a reasonable time frame. For example, at Penn State Erie we are limited to three 50-minute class periods to teach concept generation. Given this limitation, a balance must be chosen between quantity of the methods taught, and the detail in which students learn them.
In spite of the wide array of ideation methods, undergraduate students often end up implementing only the basic brainstorming method for their capstone projects. The senior design projects in the Mechanical Engineering (ME) capstone program at Penn State Erie, the Behrend College vary widely from traditional mechanism design and construction projects where standard concept generation techniques are appropriate, to design optimization problems with a strong focus on mathematical modeling where concept generation relies heavily on the results of technical analysis and understanding of the technical aspects of the problem. Due to the wide variety of projects in ME capstone program, it is difficult to teach a "one-size fits all" concept generation method. The optimal concept generation method may vary across the different types of design projects. As the concept generation is not limited to full solutions and partial design solutions are accepted, the term idea generation will be used to describe the methods in this paper.
To address these issues, an exploratory study was conducted at Penn State Erie to teach idea generation methods to seniors using peer learning. This study aims to determine preferences across different idea generation methods and the factors that might influence these preferences. This study also investigates whether peer learning is an effective way for teaching a variety of idea generation methods. Finally, the study compares the concepts generated using different methods with an evaluation rubric comprising of quality, quantity, novelty, and variety to determine usefulness of each method at the undergraduate level. Student feedback about the perceived usefulness of each ideation method was collected. The authors believe that it is acceptable if the team decides to implement a blend of methods, choose a single method, or even if each student in the project team applies a different method for idea generation, as long as it fosters creativity.
Research Method
For this study, a population of students were each taught two of a total of eight methods of idea generation in a traditional classroom setting, and were asked to peer teach these methods to their team members. The faculty-led instruction consisted of two class periods, and during a third class period the students participated in the peer learning. During the course of this week, students were asked to apply the idea generation methods to generate design concepts for a common design prompt. These students were asked to evaluate the idea generation methods as well as the ideas generated by their team members with other methods. The sections below explains the study population, idea generation methods taught, study procedure, and the evaluation rubric.
Study Population
The capstone cohort in the ME program consists of 83 Mechanical Engineering seniors. These students were enrolled in two sections (containing 40 and 43 seniors) of the course taught by different instructors. Most of the design projects comprised teams of four students working on an industry-sponsored project. Concept generation was a part of the curriculum so all the students participated in this study. A few students did not attend all three days; therefore, a few teams could not complete all the assigned activities.
The senior design class was divided into four 'idea sections' such that each project team member was in a different idea section and each project team member learned a different idea generation method. Since all idea sections were conducted at the same time, four different faculty members taught each section. All the faculty members teaching idea generation had prior experience in teaching the engineering design process. Within the idea sections, teams of four students were formed which are referred as 'concept teams' throughout the paper. The students worked with their concept teams in the idea sections for the duration of the study. The 'project team' refers to the actual senior design project teams to avoid confusion with 'concept team'.
Idea Generation Methods
The ideation methods that were covered in this study were brainstorming, collaborative sketching, mind-maps, morph matrix, design by analogy, TRIZ, bio-inspired design, and 77 design heuristics for inspiring ideas. Shah et al. presents a very good summary of all idea generation methods 1 . Table 1 shows the idea generation methods that were taught to each idea section as an initial method and as a method to kick-start creativity when the students feel stuck. Brainstorming and TRIZ were traditionally taught at Penn State Erie. Collaborative sketching 2 or modified 6-3-5 3, 4 is another effective group brainstorming method that students seem to appreciate. Design Heuristics 77 cards for inspiring ideas 5, 6 has shown promising results for idea generation. Bio-inspired design methods 7, 8 and design by analogy using word tree 9, 10 are also known to promote creativity. Mind maps and morph matrix are other common methods used for idea generation 11 .
Idea Generation Study Protocol
The study was split over three 50-minute class periods and conducted in one week on Monday, Wednesday, and Friday. In the first class period, a method to initiate idea generation was taught, and the students (concept teams) were given time to implement it for a common design prompt. A method to kick-start ideation was taught in the second class period and students (concept teams) continued to generate ideas for the same design prompt. In the third class period, students in each project team rated the ideation results of their peers who were in a different concept team. They also discussed and compared the ideation methods with their project teams, and filled out a survey at the end. On the first day, students were introduced to the topic of idea generation and to the overall study procedure. In the introduction, students were instructed about what idea generation is, the importance of idea generation, and how to generate ideas. The evaluation of idea generation using the rubric based on quantity, quality, novelty, and variety was also explained. The introduction to idea generation was followed by the design prompt, which is presented in the Appendix. The design task given to the student was to create a push-assist device for bariatric wheelchairs. The design prompt included the background, the objective tree, the function structure, and the engineering specifications; these topics were taught in the previous lectures. The same design problem was previously used as an example while teaching other steps in the design process, so the students were already familiar with the problem statement. After the introduction to the design prompt, each instructor taught the section-specific idea generation method, as shown in Table 1 , to help students get started with ideas. Students continued working on the idea generation for rest of the class period. Students were instructed to sketch the ideas and to come up with as many ideas as possible.
At the end of the first class, students were assigned an individual homework assignment to continue working on the idea generation outside of class and bring it to the following class period. Studies have shown that creative thinking is not a one step process but it involves multiple stages including preparation, incubation, and illumination 12 . Students were instructed to allow a few hours away from the design problem, and then jot down the ideas that they came up with.
The second day began with a discussion on how students might feel stuck or unable to come up with more ideas. Similar to the first day, each instructor in the idea sections taught the sectionspecific idea generation method that would help to kick-start creativity. The students continued idea generation with the second method for rest of the class period. At the end of second class period, students were told to continue working with their concept team outside the class until the team ran out of ideas. All the ideas from the team, including the individual ideas, were collected at the end of the study. Students also were asked to make additional copies of their group's ideas so that each of the concept team members could bring it to next class.
On the final day of the study, the students met with their original project teams. Each of the project team members had been in a different idea section from the others. The project team then swapped the four packets of generated ideas such that each member got to evaluate the ideas of two of their other project team members, resulting in each concept generation packet having ratings from two members of the project team. The evaluation method used to rate ideas is explained further in Table 2 . As this process was repeated for each member of the concept generation team, (4 members), each idea packet was evaluated by 8 different students. Two of the instructors also evaluated the idea packets from all 21 concept teams.
After the evaluation of ideas, the project team was given time to discuss all the idea generation methods that their peers learned. At the end of the discussion, students filled out the feedback survey. The survey asked questions about preferences: which methods they liked and which methods they plan to apply to their projects. The last day was concluded with a brief wrap up of the do's and don'ts for concept generation.
Evaluation
The ideas generated by the concept teams were evaluated using the rubric shown in Table 2 . The evaluation rubric is based on the ideation metric used to evaluate ideas 1, 13 . We have adopted a simpler version of the ideation metric in our design courses to emphasize four factors, namely, quality, quantity, novelty, and variety that aptly represent idea generation. The original ideation metric is difficult to implement within the time constraints and resources available for a senior level course. Both the faculty and the students evaluated the idea generation using the same evaluation rubric.
Creativity is higher when the designer creates a large number of feasible ideas. While a large number of creative ideas is desirable; some novice designers, such as the senior design students, lack the maturity to come up with at least a few feasible ideas. In our experience, some senior design students tend to deviate from the main design task towards many impractical ideas that may not serve the overall goal of concept generation. To avoid this issue, the faculty at Penn State Erie emphasize the importance of generating at least a few feasible ideas that are realistic.
Measurement of quantity is straightforward and direct. However, the measurement of quality, novelty, and variety is more involved. The quality factor in the rubric emphasizes the importance of generating feasible ideas while the novelty factor emphasizes the importance of out-of-the-box thinking. On the same lines, the variety factor on the rubric emphasizes the importance of exploring the design space. This adaptation of the original ideation metric in form of a rubric is currently a work-in-progress and will be adjusted appropriately in the future based on the feedback received from faculty at Penn State Erie as well as other researchers. The results of idea generation from the students, based on the implementation of this rubric, also provides a valuable feedback on the clarity of rubric itself. 
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Results and Discussion
The ideas generated by the concept teams in each idea section were evaluated using the evaluation rubric shown in Table 2 . The effectiveness of different idea generation methods was then compared using the quantity, quality, novelty, and variety scores given by the faculty and students to concept teams in each idea section. Nonparametric comparisons for each pair of idea section conducted using Wilcoxon method (at α = 0.10) for quantity, quality, novelty, and variety based on both faculty and student evaluations is tabulated in Table 3 .
Idea Section A covered morph matrix and 77 cards for inspiring ideas. The quantity of ideas generated by all the concept teams in this section was significantly higher than all other sections. This observation was true for both the student evaluations as well as the faculty evaluations. Figure 1 displays the proportion of quantity score 0, 1, and 2 of all concept teams. The 77 cards for inspiring ideas seemed to produce more ideas as each of the cards act as a prompt for a new idea. Morph matrix also helps to explore the design space by focusing on one function at a time.
The combination of the two methods in Idea Section A possibly led to higher quantity of ideas. Consequently, the higher number of ideas led to ideas with greater variety. Idea Section A also had significantly higher variety of ideas according to the faculty evaluation. The proportions of variety score 0, 1, and 2 for both faculty and students is shown in Figure 2 . Student did not seem to notice the difference in the variety score. Student evaluators probably required more training on the thorough exploration of design space for solutions before rating the idea packets for variety. Providing a range of solutions for each function of the design prompt could have helped the student evaluators to evaluate the ideas on the variety scores better.
Figure 2. Faculty and student evaluation of the variety of ideas generated by the concept teams
The Idea Section B was taught mind-maps and bio-inspired design methods. The quality of the ideas generated by the concept teams in Idea Section B was significantly lower than all other sections as shown in Figure 3 . This difference was observed both by the faculty and student evaluators. The possible reason for lower quality in bio-inspired methods might be that the students did not find the direct application of bio-inspired design for the design of wheelchair push-assist device. For the novelty scores, Idea Sections C and D were lower than Idea Sections A and B, as shown in Figure 4 . Similar to variety, the evaluation by students on novelty scores showed no significant trend. As was seen in the variety, the difficulty of quantifying novelty scores may have accounted for the lack of significant trends in the student evaluations data. According to the faculty evaluations, Idea Section A had significantly higher novelty than Idea Sections C and D. Also, Idea Section B had significantly higher novelty scores than Idea Sections D as per faculty evaluations. Student feedback was collected at the end of the study, and is presented in Figure 5 . There was a mixed response from the students about the benefits of learning the idea generation methods. This study also investigated whether peer learning is an effective way for teaching a variety of idea generation methods to students in a short amount of time. When the students were asked if they discussed the methods with their peers and whether they understand the methods taught by their peers; the student response was much more positive. This result indicates that peer learning might be a possible way to teach a variety of idea generation methods to undergraduate students within a limited time frame. This study also aims to determine student preferences across different idea generation methods. Figure 6 shows the percentage of students that 'like' each of the methods. Similarly, Figure 7 shows the percentage of students who plan to 'apply' each of the idea generation methods for their senior design project. Students seem to prefer brainstorming and TRIZ significantly more (p-value < 0.05) as compared to any other methods. The experience level of the faculty teaching the methods may have influenced the preference for different methods. Idea Sections A, B and D were instructed by three faculty members who had less than two years of teaching experience. Furthermore, a faculty member with more than 20 years of experience taught brainstorming and TRIZ to Idea Section C. This difference in the faculty level of experience could have biased the students' preference of the idea generation methods.
Summary
The application of theory to practice is often challenging. This study aimed to explore what the best approach is to teach idea generation methods to students within the time frame of a capstone course. This is a work in progress and it gives us a very good insight into teaching concept generation to undergraduate students. Overall, the students seem to appreciate learning different methods for idea generation. The results of this study can help capstone instructors to better plan teaching concept generation.
The preference of idea generation methods from the students did not correlate with the quality of design output. Specifically, the students did not appreciate the 77 cards for inspiring ideas and morph matrix method, but these methods helped produce better quantity, quality, and variety of ideas. Bio-inspired methods may have been hindered by the short time of instruction, or could be perceived as more useful for a different design prompt. Students seem to favor brainstorming and TRIZ, however these methods did not produce the best results for idea generation in this study.
At this point the effect due to each individual method cannot be separated. Future work includes plans to design a study for the impact of each individual method separately, with a wider variety of design prompts. The effect of different idea generation methods on the student projects will be quantitatively tracked. Future studies will also be designed to limit any bias due to faculty experience. Overall, the study showed that different design methods can be taught to students using both instructor and peer learning, and that these methods can positively affect student creativity.
Problem statement: Design a portable wheelchair push-assist device that could be attached to a bariatric wheelchair to reduce strain on operator's body.
Objective Tree:
Ø 1a. The device should allow the user to push a bariatric wheelchair without extending their hands more than 6" out from the side.
1b. The device should allow the user to push a bariatric wheelchair with straight posture (without bending over). 3b. The device fits in a box of 3ft X 1 ft X1ft 4. The device should be easy to install and uninstall 4a. The device shall not require tools for attaching it to the wheelchair 4b. The device should able to be installed or uninstalled in less than 60 seconds.
5. The device should be adjustable 5a. The device should be able to attach to wheelchairs with widths of between 36 and 48 inches 5b. The device should be adjustable vertically to heights between 36 and 50 inches above the floor 6. The device should be affordable 6a. The total manufacturing cost of the device should be less than $100 in low volume production 7. The device should be durable 7a. The device should not yield when a load of 300 lb. is applied at any point in any direction 
